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Abstract
Aerospace Center formerly known as cSETR at UTEP is a NASA funded center of
excellence in aerospace and exploration, focusing on strategic capability development in
propulsion and robotic lander, lunar surface exploration, and small spacecraft technologies. To
support the center’s mission for space exploration and to demonstrate advancements in small
satellite technologies, the Aerospace Center at The University of Texas at El Paso is on track to
develop and launch several CubeSats in next few years. A CubeSat is a small satellite that has
become popular in recent years due to their low cost, low complexity and short development
timeline. Though CubeSats are less sophisticated than traditional satellites, there are still
operational challenges that must be evaluated, such as communication access with ground stations,
compliance with orbital debris mitigation regulations, orbital lifetime, power budget analysis,
attitude control, and radiation dangers. UTEP Aerospace Center’s four major small satellite
projects and missions have been presented in this dissertation. First CubeSat project of Aerospace
Center is known as Orbital Factory 2, which is a 1U CubeSat deployed into Low Earth Orbit to
demonstrate in-space repair of a simulated tear on solar cells. Next mission presented in this
dissertation is known as Orbital Factory 4 (OF-4), a 3U future CubeSat of Aerospace Center which
will be launched into a highly eccentric Geostationary Transfer Orbit (GTO) with United Launch
Alliance’s Vulcan Launch Vehicle sometime in the next few years to demonstrate high distance
communication capability. Third project is focused on testing setup and propulsion control unit
development to test performance of 1N, AFM315E thrusters that will be incorporated with a 2U
Small Sat for attitude maneuvering. Lastly a 1U demonstrator CubeSat development process has
been illustrated which is a Cold Gas based small satellite propulsion unit. The demonstrator unit
shall be transformed to a flight-ready unit to provide attitude maneuvering support to CubeSats.
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Chapter 1 Introduction
A CubeSat is a small satellite that conforms to the CubeSat Design Specifications,
developed by Cal Poly and Stanford University which dictate the shape, size, structural, electrical,
testing, and operational requirements. [1] The standard CubeSat size uses a "one unit" or "1U"
measuring 10x10x10 cms and is extendable to larger sizes; 1.5, 2, 3, 6, and even 12U with
deployers being developed to accommodate CubeSats as large as 27U [2]. CubeSats are intended
to be relatively low-cost and easy to develop satellites, allowing access to space for organizations
that traditionally don’t have a huge budget. Due to less complexity and shorter development
timeline, it has become very popular and are being developed by government, industry and
academia to conduct different scientific study in space. To support the center’s mission for space
exploration and to demonstrate advancements in small satellite technologies, the Aerospace Center
at The University of Texas at El Paso will develop and launch several CubeSats in next few years.
UTEP Aerospace Center’s four major small satellite projects and missions have been presented in
this dissertation. A brief description of these satellite projects has been given in this chapter.
1.1 1U CubeSat (Orbital Factory 2) for in-space printing
Orbital Factory 2 (OF2), shown in figure 1, is the first CubeSat developed by UTEP
Aerospace Center. UTEP was awarded first place in the United Launch Alliance (ULA) CubeCorp
satellite competition in 2016 and the project was started in the same year with an intention to fly
the satellite in GTO [3]. OF2 is a 1U CubeSat that was developed to test a novel method of using
additive manufacturing to repair electronics in space using silver based conductive ink.
Additionally, OF2 tested a patch antenna developed by Lockheed Martin Space Systems using a
proprietary nano copper material. OF2 was launched on November 2, 2019 from Wallops, VA on
an Antares rocket, and was deployed to its orbit on January 14, 2020. OF-II printer experiment
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was performed successfully which was confirmed after receiving first beacon on the same day
after deployment.

Figure 1 Cutway diagram of OF-2 [4]
1.2 Orbital Factory 4
Orbital Factory 4 (OF-4) is a 3U future CubeSat of UTEP’s cSETR which will be launched
into a highly eccentric Geostationary Transfer Orbit (GTO) with United Launch Alliance’s Vulcan
Launch Vehicle sometime in the next few years. One of the major challenges of the GTO mission
is the limitation on Ground Station Access at near perigee. Apogee passes are challenging for
communication with small satellites as the size and power limitation of the small sat is not suitable
to establish a reliable link. Another challenge of the GTO mission is the passage through the Van
Allen radiation belts consisting of electrons and protons trapped by the Earth’s magnetic fields.
The belts are dangerous as the radiation from these trapped particles is detrimental to electronics.
The primary mission objective of OF-4 is to demonstrate high frequency communication
capabilities of CubeSat in GTO by sending and receiving data at the furthest point of its orbital
2

trajectory from earth. The secondary goal of this project is to measure the radiation environment
experienced by CubeSat components in a GTO orbit, which will enhance space environment
knowledge as applicable to future small satellite missions outside of Low Earth Orbit (LEO). A
tertiary objective of OF-4 mission is to capture and transmit photos of earth which will demonstrate
UTEP’s excellence in space exploration technology development and will encourage K-12
students to pursue their higher education in engineering.

Figure 2 STK simulation showing OF-4 signal beam sent from apogee
1.3 Orbital Factory X
As the use of CubeSats increases worldwide, so does the need for safe propulsion systems. The
Aerospace Center (cSETR) at UTEP has developed 1N thruster for use with AF-M315E, a green
monopropellant-based propulsion unit which shall be incorporated with a 2U CubeSat named
Orbital Factory X. Orbital Factory X (OFX), is UTEP’s second CubeSat project. OFX is intended
to be mated as a component for other CubeSats to give propulsion capability. OFX will utilize four
1N monopropellant thrusters developed in-house at UTEP for the purpose of performing
maneuvers in space, such as orbit corrections or even for adjusting interplanetary trajectories. OFX
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uses AFM-315E which is emerging as a less toxic alternative to hydrazine, in addition to having a
superior theoretical Specific Impulse. OFX is intended to fly on the proposed Lunar IcePIC
CubeSat which would fly on a NASA Artemis mission. A group of researchers at Aerospace Center
had been leading the development of the thrusters since 2014. This dissertation sheds light on
testing setup and propulsion control unit development to test performance of these thrusters.

Figure 3 Orbital Factory X Propulsion Module Vertical Design [4]
1.4 Orbital Factory – Cold Gas Demonstrator System
A 1U Cold Gas based CubeSat propulsion demonstrator module was developed by UTEP
students in collaboration with White Sands Test Facility (WSTF). The cube satellite, also referred
to as a cold gas demonstrator (CGD) was designed as part of acceptance testing of a magnetic
levitation table (MLT) being developed in WSTF. The MLT, which will be contained inside of an
environmental vacuum chamber, was designed to simulate movement of small satellites in space
conditions. The CGD’s fully integrated satellite system includes a propellant tank, four thrusters,
4

a series of fluid control valves, pressure and temperature sensor, temperature control system, IMU
system and an electronics control system. The CGD was designed to use R-134a as a propellant
and to be capable of uniaxial translation and rotation along its z-axis. Use of refrigerant permits
the propellant to be stored as a liquid, thus lowering tank pressures while maximizing the storage
potential. Two thrusters are evenly distributed along two opposing faces of the cube satellite. The
tank was designed to include a heating element to offset the evaporative cooling of R134a and
allowing the tank to keep a constant pressure during thruster firing.

Figure 4 OF-Cold Gas demonstrator module
Aerospace center’s CubeSat development timeline is approximately 18 months for each satellite.
During the doctoral study, four satellites were under development of which one was launched and
three of the future satellites are on track to be ready for launch in near future. Development
procedure and mission analysis for these satellite projects have been presented in the following
section.
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Chapter 2: 1U CubeSat OF-2 for Additive Manufacturing in LEO
Originally, Orbital Factory 2 (OF-2) was intended to launch on a United Launch Alliance
Atlas V into a geostationary transfer orbit (GTO). However due to limited GTO launch availability,
it was decided to launch Orbital Factory 2 into a low earth orbit (LEO) instead through a Cygnus
commercial resupply services mission to the International Space Station. It is envisioned that inorbit manufacturing and assembly will allow to creating big and light structures in space that can
be used for instance the fabrication of big antennas to support deep space exploration, the
establishment of habitats to enable space colonization and construction of large solar arrays for inspace power plants, among many other interesting applications. However, the technologies for
additive manufacturing in space is still in its early stage and several challenges need to be
overcome to make this technology ready to repair or modify parts in the hostile outer space
environment. The current technology used in the Earth for additive manufacturing will fail to
fabricate parts in space mainly due to outgassing of materials, difficult nozzle temperature control
in the absence of convection and the almost null gravity and lack of an inertial frame causes
movements on the system due to reaction forces and torques. This work proposes a single-axis 3D
printer to perform a simulated solar cell repair using additive manufacturing techniques. Because
this project has the objective of moving forward 3D printing in space, the CubeSat has been
nicknamed Orbital Factory 2, OF-2 for short. OF-2’s primary objective is to demonstrate operation
of printing mechanism though visual (onboard camera) and electrical continuity validation. The
secondary objective is to command S-Band DL transmission using patch antenna developed by
one of the industry partners, acquire OF-2 printer data, sensor data and images using Aerospace
center’s newly built UHF/S-Band ground station located at El Paso, TX. [3]
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2.1 Launch Opportunity and Target Orbit
OF-II was launched on the Cygnus NG-12 resupply mission to the International Space
Station (ISS). The satellite was integrated into the NanoRacks External CubeSat Deployer
(ENRCSD) mounted on panel five of the Cygnus service module. The launch was scheduled to
take place on October 1, 2019 from Wallops, VA aboard an Antares rocket. Approximately three
days after launch Cygnus was berthed with the space station, where the spacecraft remained for
two to three months. After the space station resupply mission was complete, the astronauts
unberthed Cygnus, which raised its orbit to approximately 455 km. Cygnus remained at the space
station’s 51.6-degree orbital inclination.

Figure 5 Launch and deployment of OF-II
2.2 CubeSat Deployment and Concept of Operations
Approximately three days after the orbit raise maneuver, OF-II—along with the other
CubeSats flying on NG-12 were deployed. It was expected that there would be a deployment delta
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V of approximately 0.5 to 2.2 m/s. Shortly after deployment, OF-II’s electrical power system
(EPS) was activated and the mission began.
OF-II’s mission had been scheduled into five phases. Each phase had a duration of
approximately eight hours. In phase one the EPS built-in firmware turned on and measured the
battery voltage and temperature, as well as checked the solar cell states. At a suitable condition,
power buses were turned on and on-board computer (OBC) started functioning. After that the UHF
antenna was deployed to initiate the first communication with satellite.
In phase two, OF-II acquired data and took pictures with both cameras. First UHF
communication was established in this phase. Also, the system prepared itself for performing the
printer activity. In phase three printing had been done. Necessary data for printing were acquired
and stored in memory and was transmitted over UHF during a suitable communication pass. In
phase four, data was transmitted through S-band which was used to test performance of the patch
antenna. In phase five, a tentative mission objective had been planned which includes a
commemorative broadcast of a speech from UTEP President Diana Natalicio. After that the system
stepped into the extended mission phase. During this period, OF-II was acquiring data from its
sensors to send housekeeping information during a communication pass. Data received from the
extended mission included tumbling rate, temperature, and power consumption which was
examined for educational purposes.
2.3 Orbit Analysis
In order to plan out the mission ConOps, the orbit had been characterized. While the orbit
altitude and inclination were approximately fixed, other orbital parameters such as the right
ascension of the ascending node (RAAN) and the argument of perigee could vary based on the
8

deployment epoch. This had a significant effect on when ground station passes would occur.
Orbital state data for two previous ENRCSD deployments from mid-2018 were provided by
NanoRacks. This included the cartesian position and velocity relative to the J2000 frame, as well
as the deployment epoch and deployment deltaV vector. These states were then converted into
Keplerian elements using Systems Toolkit (STK). The space station orbital elements at the same
epochs were also noted. The difference between the CubeSat RAAN and argument of perigee and
the space station RAAN and argument of perigee was calculated, and an average was taken for
both deployments. This offset—along with a predicted space station orbit in December 2019—
was then used to estimate the CubeSat deployment orbit for OF-II. Though variations in
deployment time as well as other factors—such as alterations of the Cygnus orbit—can cause
significant changes in the orbit ground track, this method at least provides a realistic guess

Figure 6 Orbits for OF-II (purple) and the space station (white).
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for the OF-II orbit for analysis. The resulting orbit has an orbital period of approximately 94
minutes. [4]
Next, ground station access had to be calculated. Initially for the OF-II mission, it was
planned to utilize only one ground station located at TMD Defense and Space LLC near El Paso,
TX. It was found that for this ground station, approximately six to eight passes could be expected
per day. Each pass could last a maximum of nine minutes. In late 2020 another ground station was
developed in Francis St, El Paso, TX with UHF/S-Band uplink and downlink capability to
communicate with Orbital Factory 2.
One of the biggest challenges of the OF-II mission is the pointing of the S-band patch
antenna. While the UHF dipole antenna is omnidirectional, the patch antenna is expected to have
a maximum field of view of sixty degrees. The ground station must be within this field of view for
downlink to be possible. Otherwise, the link budget cannot close. Using STK, the Earth magnetic
field can also be modeled. This is being used to evaluate methods of attitude control for OF-II
using magnetorquers. Magnetorquers function by creating a magnetic field vector, which will
interface with the Earth’s magnetic field producing a torque. Several different methodologies of
attitude control are currently under evaluation. These include passive control—where the
magnetorquers will emulate a passive magnet with a fixed magnetic field vector; control via table
lookup—where a lookup table of the ideal magnetic field vector direction over time will be
calculated for each pass; or utilization of an active control algorithm—where sensing will be used
by the satellite to autonomously calculate the ideal magnetic field vector to keep the patch antenna
pointed nadir to the Earth. Due to time constraints, it is likely that methodology one or two will be
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selected, with methodology three potentially being used during OF-II’s extended mission via
uplink of a new software package.
Preliminary analysis of methodology one is promising, showing that on average
approximately 3.7-minute access can be expected per pass if the CubeSat Z-axis is aligned with
Earth’s magnetic field. However further analysis will have to be performed to characterize RF
losses—such as atmospheric losses or dropoff—caused by the long distance and shallow elevation
angle as shown in figure 7. [4]

Figure 7 S-band patch antenna field of view (purple) when the CubeSat Z-axis is passively
aligned with the Earth magnetic field vector (red)
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2.4 OF-II Payloads and Subsystems
OF-II’s main payloads were one OBC, one UHF transceiver, one S-Band transceiver,
one EPS, a custom payload board, printer module, two cameras, five solar panels, one UHF
antenna with four deployable antenna rods and one S-Band antenna. Onboard computer controls
all the modules establishing I2C communication using a shared PC104 bus connector. Cameras
are connected through UART with the OBC. Transceivers are used to process data instruction
received from OBC using modulators and amplifiers which are further forwarded to the antennas.
Antenna converts the electronic signals to Radio frequency and start propagating. Transmitted
signal from the satellite is received by ground station antennas. Upon receiving signals, the satellite
condition had been analyzed. Payload board consists of FPGA circuitry which was used to control
the printer motor, blinking LEDs, and to check continuity after the printing was complete.
Electrical power system consists of a single cell battery which can provide 10.4 Whr of power
through two power buses. Most of the devices are operated with 3.3V bus however a 5V bus is
available if high amount of power is required.
OF-II incorporates a high-performance computing platform manufactured by EnduroSat which is
fully compatible with the CubeSat standard. It is based on ARM Cortex M4 with frequency rate
up to 180MHz. It comes with integrated double redundancy sensors: 3-Axis accelerometers and
compass. PWM drivers for magnetorquers and inputs for sun sensors, temperature sensors and
gyroscope allow the implementation of the attitude determination and control systems. A PC104
bus connector is used to establish communication among the Satellite payloads using I2C method.
UHF transceiver manufactured by EnduroSat was used which can be configured between 430440MHz band. By default, the transceiver works in half-duplex mode with configurable data rate
and modulation index. Maximum Data rate in the air is up to 100kbps. Radio has a configurable
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telemetry beacon broadcast option. A system architecture of the Orbital Factory 2 can be seen in
the following section:

Figure 8 OF-2 System Schematic
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Figure 9 OF-2 Exploded view
A Custom S-Band transceiver also made by Endurosat was used with an approximate 2400 – 2500
MHz frequency range.
OF-II’s EPS comes with integrated one or two Li-Po battery packs encapsulated inside the
aluminum box. Capacity of one battery pack is 10.4 Watt-hour. The EPS manufactured by
EnduroSat has three photovoltaic input channels for supplying the power from each axis of solar
panels. Two latch up protectors are available to protect systems from overcurrent and overvoltage.
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OF-II uses five EnduroSat Solar Panels which are equipped with 2 CESI Solar cells CTJ30 with
29.5% efficiency. The wide effective cell area (the largest possible for solar panels suitable for 1U
CubeSats) provides up to 2.4 Watts in LEO per panel.
As OF-2’s primary mission objective was to study additive manufacturing in microgravity. This
was accomplished by using the small printer to deposit electrically conductive ink on a printing
circuit which can verify the conductivity on the trace once cured. The experiment aims to simulate
the repair of solar arrays by adding the conductive trace between a tear on a solar panel. The printer
assembly has a stepper motor and a nozzle which contains the conductive ink. A compressed spring
puts force on the pusher with O-rings (to prevent backflow) against the ink which is being
contained by the wax seal at the tip of the nozzle. Once a burn wire is activated, it heats up and
melts the wax, allowing for the spring to decompress and deposit ink on the printing board as it
moves across it with the use of the stepper motor.
OF-II contains two cameras one internal and one external camera. Purpose of the internal camera
is to observe the printing status which is one of the primary mission objectives. External camera
will be used to take pictures of the earth.
UHF antenna has four monopole antenna rods designed for UHF band for amateur satellite
communications 435 – 438MHz. Antenna is manufactured by EnduroSat as well. Circularly
polarized RF signal has a gain > 0dB. Burn wire mechanism available with feedback for
deployment.
OF-II’s S-Band antenna manufactured by Lockheed Martin Corporation is an experimental patch
antenna which can be operated within 2400 – 2500 MHz frequency band. The aluminum chassis
consists of a main body which houses all the modules inside and is covered with two plates at the
top and bottom acting as lids to help contain the structure. Four threaded-rods inside the structure
15

are positioned using the PC-104 architecture to stack up the modules which use PC-104 header
connectors. Solar panels are mounted to the outside of the structure: three and a half panels around
the main body –the half panel used on the same face where the outside camera is facing and the
other panel in the top cover above the UHF antenna. S-band antenna is mounted at the bottom
cover.
A scheduler outline is provided below:
Table 1 OF-2 satellite ConOps phases
Phase 1

Phase 2

Phase 3

Phase 4

Phase 5

1. EPS built-in
firmware turns on

1. Take one picture
with each camera

1.

1. Transmit speech
for 10minutes

2. Measure battery
voltage and
temperature

2. Check battery
status

2. Turn on stepper
motor for 25
seconds

1. Check battery
status

Extended mission

3. Check for solar
cell state

3. Turn on low
power mode if
required

3. Take slideshowvideo with 0.5MP
camera

2. UHF
transmission for 10
minutes

4. Turn on Power
buses

4. Get the battery
fully charged

4. Wait for 5
minutes

5. OBC boots
process

5. Check for printer
home position

6. UHF antenna
deployment

6. Return printer to
home if not at home

5. Check
conductivity via
feedback circuit

7. System
Checkout: OBC
Status, Temperature,
EPS State, Solar cell

Burn printer wire

6. Take 3 pictures
with internal camera
7. Store data &
image in memory

3. Activate S-Band
module
4. Process data
packets with GMSK
modulation
5. Transmit the
digital packets for 2
minutes at every
other 8 minutes for 1
hour

1. Read & store
temperature data,
Tumbling status,
EPS status
2. Take pictures
with external camera
3. UHF
transmission

6. Check battery
status

2.6 OF-2 Printer experiment
An overall 3D model of the OF-II small satellite’s 3D printer payload is shown in Figure
10. The mounting structure is the mechanical interface of payload with the rest of the components
that are housed inside the 1U spacecraft chassis. A PC-104 connector provides the required
electrical interface to control and monitor the payload. ULTEM plastic has been used to 3D print
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the mounting structure, which provides fast and low-cost customization of the parts. It was chosen
because of its widely used space applications due to its low outgassing nature. The syringe-like
nozzle component made from ProtoTherm stores the conductive ink inside its body. A pusher with
a (compressed) spring assembly constantly applies pressure to push the ink out, but a paraffin wax
seal at the nozzle tip prevents the ink from coming out until ready to perform the experiment.
Nichrome wire is wrapped around the nozzle tip and used as a burn wire to melt the wax. The
nozzle itself is mounted on two metal rails that serve as guides once the nozzle moves. A coupling
connects the stepper motor to a threaded rod which goes through the nozzle. [3]

Figure 10 OF-II single-axis 3D printer payload
Since a small fastener (nut) is placed inside the nozzle, once the motor is powered on, the
threaded rod begins to turn and consequently, the nozzle begins to move back and forth with a
programmed sequence which helps to deposit the ink on the PCB Printing Board. Two cameras
also form part of the assembly: an out-facing camera which will take pictures of the Earth, and an
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inward-facing camera which will continuously take pictures throughout the duration of the
experiment which is not expected to last more than two minutes. As an added precaution, a Kapton
enclosure will be placed around the printer assembly to mitigate any risks associated with ink run
off which may in turn affect the components.
The payload control circuit is designed around the ability to control and read sensor statuses
of the printer assembly operation. The center of the design is a MSP430FR microprocessor acting
as an I2C slave to the OF-2 Onboard Computer Module (OBC) over the PC104 bus. All controls
and status are contained in 2 bytes of I2C packaged data, as seen in Figure 11. The first byte of the
I2C command is an echo response of the received command from the OBC. This serves as an error
checking mechanism for the OBC. The second byte is a response generated by the payload MSP
processor in response to the OBC command. Every I2C communication is contains these 2 bytes,
regardless of state. With the exception of subcomponent timing and error detection, the OBC
commands operations and requests all payload data and statuses. [3]

Figure 11 I2C Data Packets for Printer Control
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Subcomponents for the payload control include the aforementioned MSP430FR
microprocessor, 8 and 16 channel muxes, L293D stepper motor driver, illumination LEDs and
burn wire Low R P-FET transistor switch. A. Molex micro headers connects the printer peripherals
such as the stepper motor, FSR pressure sensor for ink deployment and burn wire. Another
connector runs directly from the internal and external cameras to the SPI and UART buses on the
PC-104 header respectively. Imaging is command by the OBC and has no connection to any of the
printer operation or data.

Figure 12 OF-II Printer Control Board Schematic
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The payload printer test board shown in figure 13, was designed to simulate a broken solar
panel assembly. The exposed traces are in the direct path of the printer nozzle as ink is deposited.
Upon curing, every other trace will be energized with 5V though the 16-channel mux. The adjacent
traces are then routed through the 8-channel mux and relayed to the microprocessor for
transmission via I2C. The 8-channel mux inherently evaluated continuity based on TTL gate input
signal criteria, where 2V to 5V is acceptable continuity represented by logic 1.

Figure 13 OF-II Printer Control Board

Figure 14 PCB board for continuity check

20

Ink cure time in vacuum provides a timeframe of when to check for ink conductivity in the
test PCB during the experiment. The same setup from the vacuum chamber test was followed, with
the addition of test pins added on the test PCB in the path of the ink trace, and the addition of a
resistance between the positive pin and the pin on the test PCB. Before the ink cures, the voltage
reading from the conductivity test are high since the circuit is open. When the ink cures, the circuit
closes and the resistance drops to zero, and the voltage output drops towards zero as well. Figure
15 shows the equivalent circuit for conductivity test.

Figure 15 Conductivity test schematic
OF2 had been deployed on January 14, 2020 and performed the experiment successfully.
This work presented the development and test of a single-axis 3D-printer mechanism to perform
additive manufacturing tasks to simulated the repair of a solar cell in space environment. Function,
vacuum and thermal tests indicate the payload capability to operate in outer space. Additive
manufacturing in space is still in its early developments and several challenges need to be
overcome to make this technology ready to fabricate parts in the hostile outer space environment.
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Chapter 3: Orbital Factory 4
Most of the University-class CubeSats nowadays, use low-speed UHF amateur band
communication systems using omnidirectional dipole antennas. Due to its higher availability and
lower cost, the amateur frequency bands have become very popular for CubeSat Communications.
The downside of using amateur UHF band is that their data rates are in the order of kbit/s or tens
of kbit/s from Low-Earth Orbit (LEO), and only reaching Mbit/s with 20-m class ground antennas
and special government bandwidth allocation. GTO has not been popular destination for CubeSat
operations due to the lack of communication and control capability because of the limited ground
access to altitudes near perigee. In order to address this problem, the Aerospace Center at The
University of Texas at El Paso is developing a 3U CubeSat named Orbital Factory 4 which will
demonstrate high speed S-band communication capability by sending and receiving signal from
apogee using a 6W transmitter in conjunction with a 6dB directional antenna with pointing
accuracy of ~5 degrees. OF-4 in GTO will tend to only pass over the ground station twice per day
at perigee where high data rate can be achieved up to 1Mbps. For apogee passes, data rates will be
reduced to 1000 bps to ensure a reliable link while providing full control over the spacecraft
throughout the entire orbital period. Another challenge of the GTO mission is the detrimental effect
of high radiation doses on electronics from multiple passages through the Van Allen radiation
belts. Therefore, a secondary mission objective of OF-4 is to measure the radiation environment
experienced by CubeSat components in a GTO orbit, which will enhance space environment
knowledge applicable to future small satellite missions outside of Low Earth Orbit (LEO).
In an effort to identify the proposed orbital paths for OF4, both STK and numerical
calculations have been utilized to model the resultant trajectory for both a standard low perigee
GTO, and the extended-coast high perigee profiles. An analysis has been performed to propose
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necessary maneuvering of the satellite communication devices to establish a usable link from
apogee. The analytical calculation results have been compared with STK communication
simulations to validate the effectiveness of the selected communication parameters. As the OF-4
launch is not manifested yet, prior Atlas V GEO launches have been analyzed to develop an
estimated orbit for preliminary analysis. A cSETR ground station located at 215 Francis St., El
Paso, TX will be used to transmit and receive data to/from OF-4.
3.1 Mission Summary
The entire mission has been divided into five phases where in first phase, launch &
deployment, system activation and first communication attempts are made. In second phase,
attitude stabilization has been planned to be executed using onboard actuators. Once the satellite
stabilization is complete further attitude disturbances shall be corrected using onboard reaction
wheels to keep the satellite nadir axis pointed to the earth with a maximum allowable offset of 7
degrees from the ground antenna. In third phase, OF-4 will send housekeeping and image data
over S-band at apogee once sufficient battery power is confirmed. Reception shall be validated by
restoring data at ground station and confirmation shall be sent via uplink. In fourth phase, satellite
will measure Total Ionizing Dosage and send data from apogee which will be studied for research
purposes. Phase five is the tentative extended mission, will be performed once all primary
objectives are acquired by command uplink from earth station.
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Figure 16 OF-4 ConOps Phases
3.2 Communication and attitude maintenance
The Orbital Factory 4 has been planned to demonstrate high frequency communication
capabilities of CubeSat mission in a geostationary transfer orbit (GTO) orbit by sending and
receiving data from apogee. Potential orbital path simulated with STK demonstrating radiation
environment in GTO has been shown in figure 17 helps to visualize orbital deployment and
activation after deployment.
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Figure 17 OF-4 launch and deployment
In order to achieve a pointing accuracy and simulate the resultant trajectory, Targeted
Sensor Pointing has been used in STK to target the ground station at El Paso. A modeling sensor
with a cone angle of 25 degrees has been used to visualize the footprint of the satellite antenna
over the earth. To define the targeted sensor a fixed boresight type has been selected which models
a sensor that always points in a fixed direction. For this option, azimuth-elevation (AzEl)
orientation method has been selected. STK built-in orientation methods has been used to specify
the direction in which the sensor or antenna is pointing, with respect to a reference frame fixed in
the body frame of the Satellite (antenna’s parent object). This parent body fixed reference frame
has been considered as the sub-component reference frame. Orientation of the sensor or antenna
with respect to other coordinate frames such as central body inertial or central body fixed, will
depend on the attitude of its parent object.
For this study, the default attitude for the OF-4 can be considered as "Nadir alignment with
ECI velocity constraint", which points the satellite's Z axis toward the Earth. It is reasonable to set
the nominal boresight direction of a satellite-based antenna to be along the Z axis to facilitate Earth
viewing. The sub-component reference frame is selected for various STK objects in such a way
that using nominal boresight direction along the reference Z axis is reasonable. For a vehicle, the
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sub-component reference frame coincides with the vehicle body frame, which is the frame defined
by the vehicle attitude.

Figure 18 Vectors showing satellite orientation where -Z axis always coincides with boresight
direction facing earth. Blue, pink and yellow arrows represent Up, Spin and Sun vectors.
In order to achieve fixed antenna pointing, cancellation of the disturbance torque is
important after satellite orientation is complete. An on-board series of sensors and actuators will
provide “torque on demand” to rotate the OF-4 satellite as needed to establish S-Band
communication.
OF-4 -Z axis with s-band shall be pointed towards the earth to stay within a maximum
allowable offset range of 7 degrees from the ground antenna using onboard reaction wheels by
cancelling disturbance torques after the satellite detumbling is performed using onboard
magnetorquers. Figure 19 shows how the magnetic field intensity changes at different positions in
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the orbit. The field intensity increases when the satellite approaches perigee. At around 200-250km
altitude, the highest amount of intensity has been observed. The magnetic field intensity varies
from 20000nT to 30000nT for each perigee passes. Highest amount of field intensity can be
achieved during the spikes, Typical duration of these spikes are 30 minutes. During this time the
satellite stabilization will be performed. Stabilization status can be validated by getting data from
gyro and compass over UHF. If the nadir axis is not pointed accurately during the first pass near
perigee, next pass shall be used to further stabilize the satellite.

Figure 19 OF-4 Satellite stabilization after deployment
Several earth sensors will be utilized to determine spacecraft attitude by focusing on both
gross directions of Earth and narrower parts of Earth such as horizon. At geostationary altitude,
the angular radius of Earth is about 10°, so a sensor that can find Earth is at least accurate to within
that amount. To use Earth as a more accurate method of attitude determination, a sensor must focus
only on one small part. Conveniently, sensors can detect Earth’s horizon by focusing on a narrow
band of EM radiation emitted by carbon dioxide, CO2, in the atmosphere.
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Once the satellite detumbling is performed using magnetic torquers, zero-bias system
reaction wheels relying on three or more wheels shall be utilized to rotate the spacecraft and absorb
disturbance torques. An On-board controller will utilize the earth sensor to find the current attitude.
Comparing the values with desired attitude the difference shall be measured and the resultant value
shall be considered as the degrees offset or error signal. Based on this error signal, the controller
steers in the direction of the proper orientation. For example, if the attitude is 10° off, the controller
commands a 10° change that can be executed using on-board actuators. This is known as
proportional control and is used in some form in virtually all closed-loop control systems.
Regardless of the exact scheme used, the controller will combine its memory with its current
measurements and an ability to predict future behavior to decide how to command the actuators.

Figure 20 ADCS system for implementing fixed earth facing antenna pointing of OF-4

3.3 Establishment of communication parameters
The goal of the link design is to ensure that the received signal has sufficient amount of
strength to be reconstructed at the ground station and should be able to convey information without
exceeding a noise threshold. The advantage of proper antenna pointing is that the high amount of
S-band antenna gain can be utilized which increases link performance significantly. The link
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reliability is evaluated through the bit error rate (BER) associated with the specific digital
modulation scheme that is used to transmit information over the radio link. The bit error rate
depends on the signal-to-noise ratio (SNR) at the radio receiver. Thus, the main objective of radio
link design is to establish if sufficient power is available at the radio receiver to close the link. [5]
It is essential for the signal to meet a specified SNR value so that the signal can be restored
eliminating the noise caused by the increased path loss over long distance communication. For
digital modulation schemes, the SNR at the receiver is given by the ratio of the received energy
per bit Eb to the noise spectral density N0. The energy per bit is expressed as
𝐸𝑏 =

𝑃𝑟

[1]

𝑅

Where 𝑃𝑟 is the received power in watts and R is the data rate in bps that is expected to be
supported by the radio link in bits per second. Received power can be calculated using the
following formula:
𝑃𝑟 =

𝑃𝑡 𝐺𝑡 𝐺𝑟 𝜆2
(4𝜋𝑅)2

[2]

Where, 𝑃𝑡 represents output power at the transmitting antenna, 𝐺𝑡 is the gain at the
transmitting antenna 𝐺𝑟 is the gain at the receiving antenna and 𝜆 is the wavelength of the signal.
An approximate received power (Pr) of -137 dBm and -101 dBm has been calculated respectively
from apogee and perigee using eqn 2.
For link reliability analysis, several data rates have been analyzed for the given orbital
distances and recommended data rates have been suggested for which a minimum SNR value of
10dB can be achieved. Signal to Noise Ratio can be expressed as:

𝐸

SNR = 𝑁𝑏 =
𝑜
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𝑃𝑟 /𝑅
𝑘𝑇𝑠

[3]

OF-4 shall incorporate COTS transceiver, in most cases transmit power of COTS
transceivers vary from 2 to 4 watts. For this analysis radio transmit power has been considered as
6W in conjunction with 6dB of antenna gain to facilitate the signal transmission from apogee.
Highest gain is usually attainable only at the center of the main lobe in broadside which requires
high pointing accuracy. Figure 21 shows the antenna gain pattern which helps to portray the
significance of the antenna pointing to utilize the highest gain of the antenna.

Figure 21 S-Band antenna gain pattern and pointed antenna from orbit (inset)
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In figure 21, S-Band antenna gain pattern demonstrates 6dB of antenna gain is achievable
for up to 10degrees of allowable offset from the center of the main lobe. Picture inset shows the
targeted antenna with a Fixed Boresight model facing earth. 6dB of spacecraft antenna gain in
conjunction with 27 dB of receiver antenna gain has been considered as depicted in table 2 using
UTEP ground station specifications. For all link calculations, these specifications have been used.
S-band frequency of 2425 MHz and corresponding 0.1249m of wavelength has been used for link
analysis. Communication distance has been assumed based on the simulated potential orbital
trajectories and following ULA Atlas V user guide which depicts an approximate apogee distance
of 35000km.
S-band generally features high bit rate to transmit or receive bulk amount of data. The
limitation of using high bit rate is, it reduces the SNR value significantly. As lower signal-to-noise
ratio means poor quality of the signal, a bit rate of 1200bps has been considered to increase the
SNR value.
For the ratio of Eb/No, noise spectral density (No) needs to be calculated which mainly
depends on Ground Station condition such as system losses/antenna temperature/noise floor.
The noise spectral density 𝑁𝑜 is expressed in [W/Hz] and in general is assumed uniform,
being expressed in terms of the system noise temperature 𝑇𝑠 as
𝑁𝑜 = 𝑘𝑇𝑠

[4]

Where k is the Boltzmann’s constant 1.38E-23 J/K and 𝑇𝑠 is the sum of antenna noise
temperature and 𝑇𝑟 receiver noise temperature can be shown as the following equation.
𝑇𝑠 = 𝑇𝑎𝑛𝑡 + 𝑇𝑟
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[5]

Receiver noise temperature can be expresses as the following equation where 𝑇𝑜 is the
reference temperature 290K. F is the noise figure of the amplifier 𝐿𝑟 denotes the line and connector
losses from antenna to receiver amplifier.
𝑇

𝑇𝑟 = 𝐿0 (𝐹 − 𝐿𝑟 )
𝑟

[6]

It is essential to identify the minimum SNR required to ensure reliable communication for
different data rates. Since the SNR is the ratio of Energy per bit (Eb) and Noise spectral density
(No) Eb and No have been calculated to predict the estimated Signal to Noise Ratio.
Considering 1378K (usual) of system noise temperature, Noise spectral density has been
calculated as 1.902E-20 which provides a SNR value of 0.757 using eqn. 3 which is too low for
establishing a reliable communication. As lower Eb/No causes high bit error rate, for a SNR of 1
we get a BER of 10E-1 approximately. As the BER essentially specifies the average probability
of incorrect bit identification. Thus, a BER of 10E-1 shows that 1 bit out of every 10 bit is read
incorrectly on average. Analysis suggests that the SNR value should be increased by fixing the
following parameters, Received Power, TX antenna Gain, RX antenna gain, Free space path loss,
Communication distance.
Figure 22 portrays relationship between Received power and Antenna gains from an
apogee distance of 35000km (Approx.) 6W of transmit power (37dBm) and 2425MHz frequency
has been considered. Varying the combined antenna gain from 15dB to 33dB, improvements can
be observed in received power. This is the combined gain which can be attainable by adjusting the
gain value of the satellite antenna and the GS antenna. For example, a 20dB of combined gain can
be achieved by 5dB gain from satellite antenna and 15dB gain from ground antenna. For this
analysis 6dB of satellite antenna gain has been considered assuming perfect pointing (not
exceeding 10degrees offset) can be achievable.
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Figure 22 Received power vs Antenna gains for apogee communication
Figure 23 shows relationship between received power and Signal-to-noise ratio. It can be seen
that the SNR value increases with higher received power.

Figure 23 Received power vs SNR for apogee communication
As per the above analysis, here are some of the communication link parameters that has
been considered ideal to implement for OF-4 communication at Apogee. A list of important link
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parameters had been shown in the following section which had been planned to implement to
establish a reliable link from apogee (40000 km approximately). At least 3dB of link margin needs
to be confirmed to successfully decode the signal.
Table 2 OF-4 Communication parameters for apogee communication
Parameters
Spacecraft Transmitter Power Output:
Spacecraft Total Transmission Line Losses:
Spacecraft Antenna Gain:
Spacecraft EIRP:
Downlink Path
Spacecraft Antenna Pointing Loss:
S/C-to-Ground Antenna Polarization Loss:
Path Loss:
Atmospheric Loss:
Ionospheric Loss:
Rain Loss:
Isotropic Signal Level at Ground Station:
Ground Station (EbNo Method)
Ground Station Antenna Pointing Loss:
Ground Station Antenna Gain:
Ground Station Total Transmission Line Losses:
Ground Station Effective Noise Temperature:
G.S. Signal-to-Noise Power Density (S/No):
System Desired Data Rate:
Telemetry System Eb/No for the Downlink:
Demodulation Method Seleted:
Forward Error Correction Coding Used:
System Allowed or Specified Bit-Error-Rate:
Demodulator Implementation Loss:
Telemetry System Required Eb/No:
Eb/No Threshold:
System Link Margin:

Value
6.0
1.0
6.0
12.8

Units
watts
dB
dBi
dBW

0.5
0.1
192.1
1.1
0.8
0.3
-181.3

dB
dB
dB
dB
dB
dB
dBW

0.2
26.0
2.0
436
44.7
1,000
14.7
QPSK
None
1.0E-05
0.8
9.6
10.4
4.3

dB
dBi
dB
K
dBHz
bps
dB

dB
dB
dB
dB

3.5 Communication link performance evaluation
A software simulation has been performed with STK to validate the prior calculations and
results have been compared from two methods. Figure 24 shows cSETR ground station location
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and view of the OF-4 from ground station. Figure 25 shows the satellite footprints on the ground
from where data can be received.
Comparing the results obtained from two methods similarities have been found on required
communication parameters. Reduced Received Isotropic power has been observed in STK nearly
-133dBm for a 10,000KM distance pass. SNR value of 8.53 has been observed in STK.

Figure 24 View of OF4 from the ground station at El Paso, TX. Sun, Moon and Zenith vectors
are shown
Table 3 Result comparison from simulation and calculation
Parameters

Calculated value

Simulated value

Received power

At least -125dBm

-133dBm

Antenna gain

TX – 5dB

5dB

RX – 16 dB

Used 1.5m dish

Bit rate

1200bps max

9600bps

Frequency/Wavelength

2400MHz/0.1249m

2400MHz
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Transmit power

6W

6W

Free space path loss (FSPL)

160dB max

166dB

Measured SNR

10.78

8.53

Bit Error Rate

1E-04

1.5E-04

System noise temperature

1378K approx.

1378K

Modulation scheme

QPSK

QPSK

3.4 OF-4 Trajectory Analysis for Communication
Once the attitude stabilization is complete and required pointing accuracy has been
obtained, S-band data transmission will be activated. This can be made automatic by setting up
logics which will check orientation, battery status and other conditions and then the system will
transmit over s-band automatically. Or it can be command dependent by which it will only transmit
over S-band when it is instructed to do so over UHF. Primarily, all housekeeping data that had
been accumulated from satellite startup after deployment, can be transmitted over S-band.
For operational use, after the orbit is modeled and the TLE is updated (if applicable), STK
is a useful tool for both predicting when OF4 will have ground station access, as well as its
elevation and azimuth position in the sky for antenna pointing. Access was analyzed for OF4’s El
Paso ground station. Though the actual deployment orbit will differ in RAAN and other
parameters, figures represent an example case using the reference state vector. OF4’s orbit and
ground track, as well as a view from OF4 and a view from the ground station at the same epoch in
time. The ground station view includes elevation angle from the horizon, azimuth angle from
North, and the range in kilometers.
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Figure 25 Ground Track of Orbital Factory 4 GTO satellite from El Paso, TX
One of the major challenges that had been identified for GTO satellite is the limitation on
ground station access at near perigee. Apogee passes are challenging for communication with
small satellite as the size and power limitation of the small sat is not suitable to establish a reliable
link.
The reference orbit provided by launch provider shall be propagated to examine when
ground station passes could be expected to occur. For analysis, an arbitrary mission has been
simulated where it was observed that passes tend to occur every other orbit per day, approximately
11 hours apart.
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Figure 26 Elevation, Azimuth and Range for ground tracking of OF-4 from El Paso
Figure 26 shows Elevation, Azimuth and Range of OF-4 while tracking from ground station
located at Francis St, El Paso, TX. In total, there were 49 accesses within a 30-day period, with a
minimum of 30 minutes and a maximum of 9.78 hours of high apogee passes recorded, and an
average of 7.5 hours of access observed at every other orbit when El Paso ground station was in
field of view and total orbital period was approximately 11.5 hours.
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Chapter 4: Orbital Factory X

The Aerospace Center at the UTEP has developed and conducted several testing campaigns for
green monopropellant, AF-M315E 1N thruster. HAN (Hydroxylammonium Nitrate) based nontoxic AF-M315E have higher performance, 10% increase in specific impulse and 60% increase in
density impulse, and lower ground handing and safety overhead cost in compared to hydrazine.
SmallSat propulsion systems based on AFM315E have potential to offer higher performance to
reduce system volume and mass while maintaining the operational benefits of the state-of-the-art
hydrazine thrusters, namely reliable ignition and fast response time. The overarching objective of
the proposed effort is to integrate this propulsion technology (four 220s Isp/1 N/ thrusters based
on AFM315E) within a standard CubeSat 2U from factor (Figure 27) to unlock new mission
opportunities in Planetary Science (Orbit insertion) and Astronomy and Astrophysics
(Constellations for interferometry; distributed apertures).

Figure 27 OF-X green monopropellant-based propulsion satellite
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As of June 2021, a total of five testing campaigns have been conducted using different
combinations of thrust measurement diagnostics, thruster designs, and catalysts. Two generations
of thrusters have been developed and tested. Along with the two different thruster designs, two
catalysts were developed by cSETR. A description of the test setup has been provided in the
following section. Testing setup development for performance evaluation and propulsion control
unit development for these thrusters have been focused in this dissertation.
4.1 Thruster testing capability development
The 1N Green Propellant Thruster tests were performed in the Multiple Altitude
Simulator System (MASS) located in the bunker in the Goddard Laboratory at UTEP’s Mechanical
Engineering building. The chamber diameter for the MASS is 1.7 feet and the length is 3 feet. The
MASS has multiple fluid, gas, and electrical interfaces for hardware integration and testing. The
propellant is stored in a separate area, under an explosives container rated for AF-M315E. When
in use, the propellant is loaded into a propellant tank to provide the propellant for the testing. The
propellant is stored in the propellant tank for no more than a week.
The propellant delivery system can prove up to six different gases to a system and
contains three liquid tanks. The gases are provided via different gas k-bottles. The liquid tanks are
loaded from the propellant source. The propellant of the three liquid tanks are distributed by
pressuring the tanks via the gas delivery system. For the 1N thruster testing, only one gas and one
liquid propellant was used, with the gas being nitrogen. The nitrogen acts as pressuring for AFM315E. The nitrogen also regulates and supplies high pressure to the MASS for purging. The gas
delivery system has pressure relief valves set at 200 psi for use. It also contains a normally closed
valve to exhaust any gasses by UTEP facilities exhaust system. Above the tank there is a venturi
pump that provides suction for the tank. From the bottom, a dip tube is available to load the
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propellant into the tank. As the pump is running, the propellant is loaded into the propellant tank
from the bottom. Once the system is done and requires cleaning, water is loaded from the same
entrance to clean the system by running distilled water inside until it clears.

Figure 28 Propellant delivery system
The propellant delivery system also contains multiple pressure transducers, gas flow meters and
thermocouples for data acquisition. The pressure inside the tanks are regulated by using tank
regulators. These regulators and the tank pressure are verified using the pressure transducers. The
pressure transducers are located before the inlet valve for the thruster, and on the top of the
propellant tank. Thermocouples are available for the system. One thermocouple was placed at the
entrance of the valve, the second at the exit of the thruster. One thermocouple was placed at the
inside of the thruster during warm up to determine the steady state conditions as to where the
thruster heater had heated the pellets to 400o C. Once that test was done, it was removed, and the
two other thermocouples were used to determine when the thruster had reached steady state
conditions. A test setup schematic has been shown in figure 29.
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Figure 29 Test Setup Schematic
The thermocouples and pressure transducers are recorded using a LABVIEW VI. The solenoid
valves are also controlled via the LABVIEW VI. The thruster valve, provided by MSFC, was
controlled using a relay switch to control the power output from a power supply. The same was
done to control the heaters and provide power to the load cell and its amplifier. This was done
because they were additions to the original system where as the other solenoids were installed
previously and connect directly to the buildings power. The relay switch was also controlled by
the LABVIEW VI. This allows the users to start the test and have an automated sequence to control
the firing time for the thruster.
4.2 Thrust measurement
Thrust output was measured using a Torsional Thrust Stand (TTS). The TTS is free to swing as
thrust is output. A spring provides some light resistance to the TTS to prevent swinging from
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breezes or outside vibrations. A pulley is attached to the TTS for calibration. When a weight is
placed on the pulley, the TTS is pulled in the same direction that it would move when the thruster
is fired. The distance the TTS moves is then measured with a laser and the distance is correlated
to force. A set of standard weights is used to calibrate the TTS from 0 N to 2 N. The TTS is shown
in Figure 30.

Figure 30 Torsional Thrust Stand with calibration pulley
Table 4 shows the final testing matrix listed in chronological order. After the first 12 tests were
conducted, the team had planned to test at more pressures between 50 PSI and 130 PSI. However,
at the end of the 15th test, abnormalities were noticed, and the tests were stopped. Upon further
investigation, it was found that the catalyst had clumped together and partially clogged the nozzle
preventing further testing. [6]
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Table 4 Testing matrix for fifth testing campaign
Test number

Pressure, PSI

1.1, 1.2, 1.3

50

2.1, 2.2, 2.3

70

3.1, 3.2, 3.3

100

4.1, 4.2, 4.3

130

5.1. 5.2, 5.3

80

After applying the calibration to readings from the laser measurement system, thrust output was
plotted. Figure 31 shows the resulting thrust output for all 15 tests. [6]

Figure 31 Thrust profile for all 15 tests

44

There is a clear increase in thrust output as input pressure increases. However, there is also a
notable drop in thrust output for tests 5.1, 5.2, and 5.3. These tests are when the catalyst began to
clump and clog the thruster.
4.3 Propulsion Control Unit
An on-board Propulsion Control Unit (PCU) has been developed and is being tested which shall
be used as a stand-alone propulsion control system for the flight-ready unit. The PCU shall be used
mainly for valve drive and power conditioning. Standard CubeSat design specification employs a
modular system architecture in which satellite components can link together sharing power, data,
or logic lines via the PC/104 “Stackable PC” standard. A typical CubeSat system will employ a
minimum of three PC/104 units, an On-Board Computer (OBC), Electrical Power System (EPS),
and a Communication Transceiver. Each AF-M315E thruster is equipped with a single 10V DC
solenoid valve and consumes 6.25 W at maximum load. Additionally, a 5W resistance element is
included to provide the initial heat that is required for the catalyst bed.

Figure 32 Propulsion control unit developed for OF-X
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A dedicated micro controller provides independent control over each thruster and catalyst bed.
Switching is performed on the high potential side of the circuit via MOSFET with a dedicated gate
driver to enhance the switching speed. Both temperatures and tank pressures are monitored directly
by the dedicated propulsion system processor.
The PCU can directly operate the solenoid valves with an operating temperature range of -40°C to
+150°C. The PCU requires a main power input of 9.5 – 20 VDC. It has inputs for 10 K-type
thermocouples, 5 analog output pressure transducers, and 10 auxiliary digital inputs with 8
auxiliary digital outputs. In addition, the board features voltage and current sensors, power
regulators, and high power switches. The final design is a 4 x 6 inch board with approximately 150
components and 2 layers. Each board costs only $55 to produce including the cost of components.
System level performance testing of the PCU is in progress currently.
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Chapter 5: cSETR Cold Gas Demonstrator System
CSETR’s Cold Gas propulsion system-based small satellite unit has been developed with
an intention to test the capabilities of a magnetic levitation table (MLT) at NASA White Sands
Test Facility. The project is also known as Cold Gas Demonstrator (CGD) since the objective was
to demonstrate the motion control capability of the satellite utilizing an MLT inside of an
environmental vacuum chamber. The MLT will simulate an artificial spacelike environment where
the 2-axis motion control of the satellite will be tested by operating four thrusters which are evenly
placed on two opposing faces. The demonstrator module has been designed to be capable of
uniaxial translation and rotation using refrigerant R-134a. One of the major advantages of R-134a
is that, it can be stored as a liquid and thus use a much lower pressure tank for greater quantity of
propellant. Current thruster design puts out 673mN of thrust with a chamber pressure of
100psi.[18] Two thrusters will be used simultaneously during testing (4 thrusters, 2 on opposite
sides) making the linear thrust 1346mN. The tank was designed to include a heating element to
offset the evaporative cooling of R134a. The tank will use cartridge heaters as the heating
elements, allowing the tank to keep a constant pressure of 150 psi during thruster firing. The
thruster will experience a mass flow 0.0013kg/s per thruster and evaporative cooling of 231.14W
per thruster. White Sands Test Facility (WSTF) is developing a magnetic lift table to aid in
simulating space like conditions inside a vacuum chamber. The Cold Gas Demonstrator (CGD)
will be used to test the validity of this table and used as acceptance testing for the chamber. The
CGD will be capable of uniaxial translation and rotation, which will be recorded using a inertial
measurement unit (IMU).
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5.1 System Architecture
The cSETR Cold Gas demonstrator module currently incorporates five major systems
which are Onboard computer, Payload board, Power storage and Mechanical structure supporting
thruster and propellant tank. The cold gas demonstrator (CGD) is designed according to Cal-Poly’s
CubeSat Design Specifications. The CGD uses refrigerant R-134a as the propellant as it is stored
in liquid state requiring a lower fill pressure and maximizes the propellant quantity. Four thrusters
are placed evenly to provide uniaxial translation around the x-axis and rotation about the y-axis.
The design has been constrained for testing operations on a 20-inch by 10-inch levitation table.
Movement of the CGD is controlled by throttling miniature solenoid valves that feed directly to
the thrusters. The translation and rotation of the CGD is measured and controlled using an Inertial
Measurement Unit (IMU) signaling the Onboard Computer (OBC) and the payload board
incorporating control circuitry is used to initiate the thruster control operations.
Two 50W Heaters are connected in parallel to a battery pack. An IRL7833 MOSFET
is used as a digital normally closed switch for the heaters. 4N33 Opto-Isolator is used to separate
low current from high current devices. Battery kill switches ensure complete power cutoff per
CubeSat deployment standard. Two LN293D H-Bridges using regular diodes are used to
manipulate the solenoid valves. LSM303 Accelerometer working with a scale of ± 2g with an I2C
at 400Khz. L3G20H Gyroscope working with a scale of ±250 deg/s with and I2C at 400kHz.
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Figure 33 Orbital Factory Cold Gas System Architecture
The CGD was designed to be capable of uniaxial translation and rotation using refrigerant R-134a.
Use of R134a as a propellant allows it to be stored as a liquid and thus requiring lower tank
pressures while maximizing the quantity of propellant. To allow R134a to keep a constant pressure
of 150 psi during thruster firing, the tank includes heating elements to offset evaporative cooling.
The CGD will also include four thrusters evenly placed on two opposing faces. Testing of the CGD
will utilize two thrusters simultaneously to give lateral translation and rotation along the z-axis.
The current design of the Cold Gas Demonstrator module is shown below.
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Figure 34 Integrated Cold Gas Demonstrator Module
5.2 System Components
5.2.1 Thruster
The total estimated mass of the cube-sat is 1.5kg, this estimate includes communication,
electronics, heating, mechanical components. Based on this mass estimate the team’s goal was to

Figure 35 Sea Level Thruster CAD
develop a thruster capable of supplying 675mN of thrust with a chamber pressure of 100 psig.
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Cold gas engines generate thrust by using the expansion of the propellant gas typically stored at
high pressures. The CGD stores R-134a in a liquid state. When intended to fire, R-134a will be
heated to firing conditions (40 oC @ 1016 kPa). The pressurized gas is controlled by an isolation
valve, which then feeds the propellant to the engines. Firing conditions were selected to
compensate for pressure drops along the delivery lines. Each thruster will experience a mass flow
0.0013kg/s per thruster and evaporative cooling 231.14 W. The information in Table 5 was used
to lists some design parameters for the 675mN thruster [14]
Table 5 Thruster Parameters
Chamber Pressure (kPa)

690

Chamber Temperature (oC)

26

Propellant Flow Rate (kg/s)

0.0013

Thrust (mN)

670

The thickness of the thruster allows the chamber to withstand a maximum pressure of 200
psig and temperature of 321K. The overall performance of the thrusters with the chosen propellant
should not fall below a minimum Isp of 35s. The thrusters were to be manufactured out of Stainless
Steel 316 [18]

Figure 36 Cold Gas Demonstrator Thruster
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The thruster uses the same throat and chamber dimensions and has an expansion ratio of 5.
A plate was added to the end of the pressure chamber to allow the thruster to be mounted onto the
thrust stand adaptor. The final manufactured thruster can be seen above in figure 36.
5.2.2 Tank
The propellant tank was developed to meet pressure capabilities set by the necessary
chamber pressure for the R-134a thrusters. The tank was designed to deliver pressures up to
150psig. The propellant tank was designed to have a wall thickness of 2.5mm with an internal
volume of 216cc. The heat exchanger ports act as support structures being a vital component to
the design. Weld stress calculations were performed to gauge the risk of welding the post versus

Figure 38 Propellant tank exploded view

Figure 37 Manufactured tank

losing the structural support. Simulation found a burst pressure to be approximately 500psi and
stress concentrations of about 550MPa, inducing failure at the heater post welds. The maximum
operating pressure will be approximately 1/4 of the estimated burst pressure, providing a margin
for our handling requirements (internal pressure of no more than ¼ of burst). The tank will be
hydrostatically tested to a proof pressure of 300psig. [18]
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5.2.3 Payload Control System
The payload is composed of nine different subsystems. An XBEE serial communication
subsystem had been used which oversees communication between OBC and external control
module. The XBEE RF (S-Band ISM 2.4 GHz) transmission works at a data rate of 115200 bps.
Pressure sensor tracks the temperature inside of the tanks. The pressure transducer sensor has a
range between 0-200 psi dropping a linear voltage between 0-10 mV. MSP430, a slave
microcontroller had been used as an extension from the OBC which controls the payload PCB.
MAX31855 temperature sensor is used to read the temperature of the tank. This IC works with a
scale of ± 0.25 °C with SPI at a frequency of 400kHz. The IMU unit including a gyroscope and
accelerometer had been incorporated to observe the module movement. A 12 v regulator steps up
five inputs to a twelve-volt output. Pressure valves controls the gas flow from the tank through
thrusters. A COTS power module had been used which is in charge of supplying voltage to the
other subsystems and connect data lines from the payload to the OBC. The payload control board
is shown in figure 39.

Figure 39 Payload control board of CG demonstrator
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5.3 Testing of the Cold Gas Demonstrator module
Several tests have been performed to analyze the capabilities of the Cold Gas demonstrator
module. A magnetic levitation module was used to test and calibrate the L3GD20 gyroscope in the
z-axis. The module works using a magnet that levitates due to a magnetic field created in the base
once the module is turned on. Only the electronics were mounted as this module can lift no more
than 500 grams. After some raw data analysis and calibration, the gyroscope was able to determine
the angular velocity with a precision of ±250 dps.

Figure 40 Unit testing on magnetic levitation table
To test displacement and analyze raw data from the LSM303 accelerometer, an air hockey table
was implemented. The air flow system was modified replacing the fan with a bouncer turbine.
Every whole in the platform was perforated using a 2mm diameter drill to ensure the same air flow
over the whole table. Every air leak in the table was sealed using silicone. A 3D printed base with
a hockey puck hole was used to displace the electronics around the table. Even though the system
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was able to displace, the air pressure in the base was too high and it was bended. Because of this
issue, electronics couldn’t be placed at the center of the table. The uneven shape of the base caused
the electronics to displace at the corners. Picture of testing on air hockey table is given below.

Figure 41 Testing of the module on air hockey table
Another test on air bearing table was performed on a grade AAA granite (low friction) surface to
evaluate the performance of the demonstrator module. Four air bearings were used on a
symmetrical platform. Air bearings were connected to air compressor and the whole setup was
encased in glass to protect CubeSat from falling. The glass chamber also allows refrigerant to be
captured. Molecular nitrogen gas pumps flow air into encasement to purge refrigerant.
Case is connected to recapture pump.
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Figure 42 Test setup on air bearing table
Some of the observations and lessons learned from the test have been discussed in this
section. Thrust force generated by each thruster is likely to differ in both magnitude and direction
due to manufacturing and assembly defects. Angular motion was observed when attempting linear
motion. Thermodynamic aspects of project were underestimated previously.
Heaters were observed to raise the tank pressure by ~6 Psi every hour. Insufficient heat rate was
observed for time-sensitive control. The temperature and pressure change caused by firing
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thrusters was not negligible. A pressure drop of up to ~20psi (~100psi to ~80psi) was observed
from a single thrust impulse. The rate of change in pressure of the tank due to the low temperature
of the magnetic levitation table was not negligible. A pressure drop of approximately 30𝑝𝑠𝑖 was
observed when the CubeSat was placed within ~2′ of the magnetic levitation table.
Future works that have been planned to perform upon observation of the test results are
discussed in this section. PID (and to a lesser extent, Kalman filtering) is recommended to adjust
thrust duration in real-time to compensate for difference in thruster vectors. It would be ideal to
use vector algebra and system dynamics to characterize the difference in the thrust vector. Thermal
analysis needs to be done as the tank is made of aluminum, which dissipates heat. Heat generated
in the PCB is lowering resistance in the amplifier, which causes wrong pressure and temperature
reads. Thruster placement needs to be reevaluated. Thrusters need a base to be aligned for a more
precise linear displacement. A power budget needs to be done to add two more heaters to the
system as the tank heating appeared to be slow. Environmental testing needs to be done for flight.
Thermal vacuum, radiation, shock and vibe have been planned to perform.

5.4 Transformation of the Cold Gas Demonstrator to a Flight Ready Unit
The cSETR Cold Gas propulsion system based 1U cube satellite (demonstrator) had been
developed with an objective to test the capabilities of a magnetic levitation table (MLT) at NASA
White Sands Test Facility. The cubesat has been designed to be capable of uniaxial translation and
rotation using refrigerant R-134a. Next goal of this project is to transform the demonstrator unit to
a flight ready unit for which stakeholder’s expectations have been generated. Few Research has
been conducted so far on the transformation of this Cold Gas Demonstrator Module to a 1U flight
ready satellite module based on which several developmental works have been proposed. In this
section, a background analysis and a market survey has been included to make a comparison of
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the demonstrator module with the COTS modules from other small sat manufacturers. In order to
transform the cold gas demonstrator module to a flight ready unit, it is essential to analyze the
customer expectations so that flight-ready-unit can be utilized by wide range of satellite
developers.
5.4.1 Customer discovery for OF-CG module transformation
A survey has been conducted among thirty universities who have an active Cubesat development
program to analyze the need of the propulsion system. This customer discovery helps to determine
the stakeholder expectations based on which requirements can be derived for flight ready
propulsion unit. Customers have been asked about their mission success, objectives, critical
subsystems, probable cause for mission failure and desired maneuverability.
Graphs below show that more than 50% of the customers have mentioned, their satellite
missions have failed due to lack of communication.
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Figure 43 Chart for Mission Success Rate
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Also, more than 70% customers have mentioned that antenna pointing/comm related errors are
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the main reason for mission failure.
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Figure 44 Chart for probable cause of mission failure
As per customer opinion, the communication module is one of the most critical subsystems.
Nowadays a lot customers use high gain antennas in CubeSat to transfer a bulk amount of data. In
most cases these antennas have directional gain pattern. In order to take the advantage of the high
gain of the antennas the satellite needs to be pointed accurately towards the earth station.
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Figure 45 Critical Subsystem for potential customers
One of the major stakeholder expectations that have been figured out from this analysis is that the
satellite operators are interested in 3 axis pointing. Which means that the satellites need to have 3
axis pointing capability by ensuring angular momentum in roll, yaw and pitch.
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Figure 46 Customer’s desired maneuverability for spacecraft
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5.4.2 Stakeholder expectations and derived requirements
Based on this analysis a list of stakeholder expectations has been developed for the flight ready
unit and transformation requirements have been derived.
Stakeholder expectations
1. The ADCS system should detumble the satellite
2. The ADCS system should stabilize the satellite
3. The ADCS system should point the satellite towards the earth station
4. The ADCS system should have a Sun-track mode to optimize power generation
Derived requirements from stakeholder expectations
1. The CGM shall provide 3-axis pointing control to 3U or 6U CubeSats operating in LEO.
2. The CGM shall provide pointing accuracy of ≤ 0.5𝑜 in all three axes.
3. The CGM shall include sensors for attitude determination.
4. The CGM shall include at minimum one (1) digital interface for control and unit telemetry
5.4.3 Demonstrator current capability evaluation
One of the primary objectives of the demonstrator unit is to provide single-axis translation
and rotation capability. Through our customer discovery we’ve realized that spacecrafts require
4DoF (3rotational and 1 translational) for orbital maneuvering. As the demonstrator module has
2DoF currently, we need to add at least 2 more DoF to perform 3 axis pointing in orbit.
There are some major structural modifications that need to be made to transform the
demonstrator module to a flight ready unit. OBC and EPS modules have been used to enable the
demonstrator as a standalone module. Since the flight unit shall be attached with a host spacecraft,
control instruction and power will be provided by the spacecraft. Proposed solution is to
incorporate a standard control and power interface for convenient use with other spacecrafts.
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Preliminary analysis shows A 3U (4Kg) satellite in 400-500Km LEO needs an approximate
100 gm of R134 propellant per year for attitude corrections from which we can assume that the
propellant and tank system of the demonstrator are suitable for anticipated orbital maneuvering.
However, thruster arrangement needs to be modified for orbital maneuvering. Current thruster
arrangement has been utilized for uniaxial translation and 1axis rotation. For flight ready unit
thruster arrangement shall be modified to enable 3axis rotational and 3 axis directional motion.
Cold Gas demonstrator unit incorporates a control board to operate the onboard electronics but for
flight unit some of these features are obsolete. The wireless serial communication module has been
utilized for controlling the demonstrator operation from a close proximity but for flight unit the
wireless module needs to be replaced by standardized control interfaces. Advanced attitude
determination feature shall be added to the current IMU. Temperature, pressure sensors, heaters,
valves, MSP controller can be used from demonstrator module but depending on the structural
compatibility these components may change. Table below shows current constraints of the
demonstrator module and prospective solutions for transformation to a flight ready unit.

Table 6 Demonstrator Suitability Analysis for Space Applications
Demonstrator
Acceptability Current Constraints and Proposed Solution for Flight
Current Features
Unit
Single-axis
Not
 Demonstrator module has 2DoF currently
translation
and acceptable
 Spacecrafts require 4DoF (3rotational and 1 translational)
rotation
for orbital maneuvering
 Further research shall be conducted for adding 2more DoF
to the flight unit
Demonstrator Current Payloads
On-board computer
Power System
(Storage
and Distribution)

Not required
Not required




OBC and EPS modules enable the demonstrator as a
standalone module
Standardized control and power interface shall be
incorporated with the flight unit for convenient use with
other spacecrafts
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Demonstrator
Current Features
Mechanical
Structure
 Propellant Tank
 Solenoid Valves
 Thruster
 Manifold

Acceptability

Thruster
arrangement

Acceptable
with
modification

Acceptable
with
modification

Control Board
Acceptable
with
 MSP430
modification
controller
 Wireless
connectivity
(XBEE)
 Internal
measurement
Unit (IMU)
 Temp
&
pressure sensors
 Cartridge
heaters
 Pressure valves

Current Constraints and Proposed Solution for Flight
Unit
 Drag compensation/Orbit raising for a 1U satellite can be
performed with the demonstrator’s current tank system
and propellant
 Thruster arrangement need to be modified for orbital
maneuvering
 Suitability analysis shall be performed on the propellant
and tank system of the demonstrator for anticipated orbital
maneuvering
 Current thruster arrangement has been utilized for uniaxial
translation and 1axis rotation
 Thruster arrangement shall be modified to enable 3axis
rotational and single axis directional motion
The demonstrator control board currently includes some
features which are not suitable for Flight Unit. Some important
modifications have been suggested in the following section.
 Control Unit shall incorporate a standardized electronic
bus interface replacing the XBEE wireless module
 Attitude Determination System may or may not be a part
of the propulsion control module depending on host
spacecraft configuration and missions.
 IMU unit currently incorporates accelerometer and
gyroscope for WSTF testing. Flight ready unit requires
more accurate measurement of attitude in space for which
additional sensors need to be incorporated depending on
types of orbital maneuvering.
 Temperature and pressure sensors from demonstrator unit
are acceptable for space applications. No modification
needed as per the analysis performed so far.
 MSP430 controller is suitable for all applications of the
flight ready unit. No modification required on controller
as per the analysis performed so far.
 Effectiveness of cartridge heaters and pressure valves have
not been analyzed yet.

5.4.4 Transformation process analysis
A transformation decision tree has been prepared to figure out what can be done with the
current demonstrator module and the possible applications of the flight ready unit. It has been
analyzed that an end mounted single propulsion unit can be used for orbital maneuvering of
spacecraft ranging from 1U to 3U. But for bigger satellite multi module propulsion system is
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required which increases design complexity significantly. Also, another factor has been noticed
with the other COTS propulsion unit is that the attitude determination system is not a part of the
propulsion control unit. So, it can be assumed that the control instruction shall be coming from the
host spacecraft. First option in the decision tree (figure 47) can be achieved making minor
modification on the demonstrator module. A standalone propulsion unit with active attitude
determination and control system shall increase design complexity but can be developed utilizing
Off-the-shelf determination devices.
Considering a short developmental timeline, it is recommended to develop a single end
mounted propulsion unit for 1U to 3U small satellites for orbital maneuvering in low earth orbit.

Figure 47 Transformation Decision Tree
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5.4.5 Future plan for demonstrator/transformation
Major works that have been planned to perform, includes Propulsion/Control requirements
analysis to figure out Delta V and control method for orbital maneuvering in LEO. Based on these
requirements, necessary recommendation can be made on thruster and tank system remodeling,
propellant usage, total impulse calculation and structural modification required to incorporate the
recommended actuation components. Delta V requirements shall be analyzed for potential space
missions (attitude control and orbit maintenance and maneuvering). Suitability of different
propellants such as H, He, N, NH3, CO2 & refrigerants shall be evaluated. Necessary processes
need to be determined to interpret data received from sensors and use them to adjust thruster
operations for attitude control. Structural feasibility analysis needs to be performed for the flight
module to prepare it for space applications. Some high-level concepts have been developed to
satisfy the derived requirements for the transformation of the Cold Gas demonstrator unit upon
conducting research on of-the-shelf technologies. Over all goal of this work was to lead the
transformation process up to the PDR level.
5.4.6 Attitude control method
An attitude control method needs to be established for the Cold Gas demonstrator’s flight ready
unit. A combination of sensors and mathematical models need to be implemented to collect vector
components in the body and inertial reference frames. These components are used in conjunction
with several different algorithms to determine the attitude. Angles of rotation of the unit can be
defined in a three-dimensional coordinate frame using quaternion, euler angles, or a rotation
matrix. For the Cold Gas flight ready unit, a combination of Sun Sensor and Magnetometer has
been planned to use as it provides a low cost, robust Attitude Determination System with good
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accuracy for small satellites. The ADCS system shall use two vectors (sun vector and magnetic
field vector) to estimate the attitude. An attitude determination algorithm is then used to find a
rotation matrix. Misalignment from target can be detected and corrected by firing eight thrusters
for perfect pointing. For flight ready unit, thruster arrangements, attitude sensing methods,
pointing accuracy and compatibility with other spacecraft are the main factors that have been
analyzed through this work. High level solutions have been proposed to upgrade the demonstrator
module to the flight ready unit.
5.4.7 Potential Sun-sensors and magnetometer
Sun sensors are important components in spacecraft attitude determination and control
systems but there are few shortcomings of coarse sun sensors. The Coarse Sun Sensor consists of
solar cells placed on outside surfaces of the satellite. The main measurement error of the Coarse
Sun Sensor occurs due to the Earth’s albedo which can cause an angular deviation. Earth Albedo
is the light from the sun reflected back into space which will cause sun sensors to produce biased
measurements if not properly accounted for. Also, the Sun Sensors cannot fully define the attitude
alone. A three-axis magnetometer can be used in conjunction with the sun sensor to provide the
full orientation. A vector magnetometer returns a vector measurement of the Earth’s magnetic field
in a magnetometer-fixed reference frame. As with sun sensors, the orientation of the magnetometer
frame with respect to the spacecraft body frame is determined by the designers. These devices are
available off-the-shelf in small packages and are simple to use. These sensors will provide the sun
and magnetic field vector in the spacecraft body frame. [11]
These two vectors are required to be found in the ECI reference frame as well. The sun
vector can easily be calculated with only the time at measurement as an input. To find the reference
magnetic field the time at measurement as well as the position of the satellite in the F(ECEF) is
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needed. Two methods are available for finding the position of the satellite. The first is based on
using an orbit model to calculate the position using Kepler orbital elements provided by NORAD.
These elements can be easily found and then uploaded to the satellites via the communication
system. The elements are updated daily allowing accurate position calculations although initial
attitude determination will not be possible immediately after launch until the data is made available
by NORAD. The second method is to incorporate a GPS unit into the satellite allowing the position
to be found directly onboard. This method will introduce a mass and complexity penalty while
being more accurate. [11] Few potential components have been found whose performance were
evaluated to check if they are compatible to use with the flight ready unit. Few devices have been
shortlisted for use upon preforming investigation which have been shown in the following section.
A Sun/Earth sensor named as ‘CubeSense’ had been proposed to use with the CG flight ready unit
from CubeSpace, an aerospace company from South Africa. CubeSense is a CMOS-based Sun and
Earth sensor with a wide field of view, low power usage and high accuracy. It is a compact, single
sensor head with integrated electronics. These sensors provide Sun/Earth measurements with <0.2°
(3σ) accuracy over a 180° field of view. As mentioned in the company website, the sun sensors
are immune to albedo effects, making them highly robust and versatile. All sensors are calibrated
in their state-of-the-art dark calibration room, using a sun simulator and highly accurate rotation
stage. CubeSense has flight heritage for a wide variety of missions and orbits. [12] These features
make it an excellent candidate as an attitude determination device for CG-Flight ready unit.
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Figure 48 Sun and earth sensor from CubeSpace [12]

Another orientation sensor has been planned to use which is the IG-500A from SBG systems. It is
an innovative and high-performance gyro enhanced sub-miniature orientation sensor. It is an
Attitude and Heading Reference System (AHRS with three gyroscopes, three accelerometers, and
three magnetometers, to provide a drift-free and precise attitude, even in severe dynamic
conditions. This lightweight, robust and reliable device delivers consistent performance over a
wide temperature range. The SBG Systems has designed a convenient to use development kit for
this product. This device provides precise 3D orientation, even in dynamic conditions. It’s been
calibrated over full temperature range -40 to 85°C for bias, gain, misalignments, cross-axis and
gyro-g. Includes advanced and easy to use magnetometers compensation procedure for soft and
hard iron. RS-232, CAN and USB Communication protocols are used to communicate with the
device. Consists robust and high precision aluminum enclosure. [9]
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Figure 49 Orientation sensor from SBG systems [9]

5.4.8 Eight thruster configurations for six degrees of freedom
Since the Cold Gas demonstrator unit provides only uniaxial translation and rotation in one axis,
it is essential to ensure angular momentum in X,Y,Z axis for perfect pointing in the flight ready
unit. Several thruster configurations have been analyzed to determine thruster placement options
for flight ready unit. Typical thruster arrays, have one or more of the following limitations or
drawbacks: they do not provide full six-degree-of-freedom control; there is undesirable coupling
between their trajectory and attitude control functions; instantaneous electrical power demands are
undesirably high; and/or the required number of thrusters is undesirably large. [13] These last two
potential drawbacks may not cause much concern with expensive large spacecraft, but they can
present significant problems for spacecraft that need to have very low overall cost, size, and mass.
Special thruster configurations presented by David H. Collins of Caltech developed for NASA’s
Jet Propulsion Laboratory have been considered as a very suitable option for the new thruster
configuration of the Cold Gas Flight-Ready-Unit.
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Figure 50 Proposed thruster configuration
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These thruster configurations shown in figure 50 can provide six-degree-of-freedom control using
only eight thrusters. An specific thruster pair shall be able to provide a torque in either direction
around any of three orthogonal axes or a force in either direction parallel to any of three orthogonal
axes. The torque can be provided without accompanying translational force, and, with the
spacecraft center of mass centered between the thrust lines, the translational force can be provided
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without accompanying torque (if the thrusters have identical thrust levels, no thrust misalignment,
and no plume impingement problems).
Labels A through H indicate the eight thrust lines. The distances between the A and B, B and C,
C and D, A and D, E and G, and F and H thrust lines are all equal. If that distance is d and the
force that can be produced by each thruster is f, then the magnitude of the torque that can be
produced by each of those thruster pairs around the specific axis identified in the torque table is
equal to df. [13] This thruster configuration is currently under investigation and shall be analyzed
further to ensure its effectiveness before implementing on the flight ready unit.
5.4.9 Digital interface for control and unit telemetry
It is essential for the flight ready unit to send and receive instructions from host spacecraft. In order
to make the system compatible with a broad range of host spacecraft, a digital interface is required
to incorporate so that communications with the propulsion unit becomes convenient and required
maneuvering can be performed. While looking for potential options to incorporate digital interface,
it has been decided that RS422 digital interface shall be added to the flight ready unit as it is a
popular technical standard and widely used by aerospace community. This standard was originated
by the Electronic Industries Alliance that specifies electrical characteristics of a digital signaling
circuit. RS-422 systems can transmit data at rates as high as 10 Mbit/s, or may be sent on cables
as long as 1,200 meters (3,900 ft) at lower rates. [15] RS-422 specifies differential signaling, with
every data line paired with a dedicated return line. The voltage difference between these two lines
define the mark and space. RS422 network configuration is shown below.
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Figure 51 RS-422 Network with multiple receivers [15]
A typical pin configuration of the RS 422 interface is given in the following section.

Figure 52 Typical pin configuration of RS422 digital interface [15]
5.4.10 ADCS System Architecture
A tentative ADCS system architecture had been developed to support the flight ready unit..
The ADCS system will include attitude sensing devices which are GPS filter, magnetometer, sun
sensors and accelerometer. Actuation system incorporates thrusters and magnetorquers. An
onboard electronics control board shall be developed which will be controlling operations of the
ADCS system. The control board shall incorporate power regulators, switches to open or close the
thruster valves., temperature and pressure sensing components to measure tank conditions. An
onboard data handling system shall be incorporated which will be signaling the control board for
thruster firing to perform necessary satellite maneuver. The set of sensors will have to harvest data
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in order to get information about the CubeSat position. The orbit propagator and environment
models stored in the command and data handling repository shall be used to analyze the position
of the spacecraft comparing with the sensor data. The attitude refence system shall analyze the
degrees offset from the target and will send instruction to the thrusters in order to correct/modify
the CubeSat’s attitude. The spacecraft shall be stabilized using a pair of magnetorquer before
thruster firing as it’s difficult to stop tumbling of the spacecraft using thrusters. Also, passive
stabilization using magnetorquers helps to save propellants. The system architecture of the ADCS
has been shown in the following section.

Figure 53 Tentative System Architecture of the CG-Flight-Ready-Unit

5.4.11 ADCS Concept of Operation
The Concept of Operations for attitude determination and control can be divided into three
stages. On the first stage, magnetorquer stabilization shall be performed. It will stop random
tumbling and helps to reject any disturbance torques by aligning the satellite using earth magnetic
field vector. In stage 2, once the spacecraft is stable the Z axis shall be aligned with the nadir
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direction and X axis shall be constrained in the direction of the ECI velocity vector. Disturbance
rejection makes it possible to further keep the satellite 3-axis stable. In stage 3, the location of
earth with respect to the spacecraft shall be identified using Sun/ Earth sensors. The attitude
reference system shall detect misalignment from the target by calculating sun and magnetic vector
components. Firing sequence shall be generated to correct the degrees offset from target.

5.4.12 Business case analysis for commercialization of the module
The long-term goal of Aerospace Center - UTEP is to introduce a new breed of costeffective cold gas based small satellite propulsion technology to meet the need of the aerospace
community. With that intention, a commercialization plan is under development for the flight
ready unit so that it can be used by wide range of customers to meet their spacecraft propulsion
needs. A business model canvas has been developed, shown in the table below to analyze the
commercialization prospects of the cold gas flight ready unit.

Figure 54 Business model canvas for commercialization of the unit
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A design evaluation and manufacturing options need to be analyzed to remodel the demonstrator
unit. It has been determined that the chassis redesigning and prototyping shall be performed inhouse. The UTEP Aerospace Center, ME students shall be responsible for redesigning the structure
and incorporating additional components with the demonstrator unit. Once the design is completed
the prototype shall be developed by the W.M Keck Center, the 3D manufacturing lab under the
UTEP ME department. There are several advantages of using 3D manufacturing. Rapid
prototyping, cost effectiveness and design flexibility are the major advantages. 3D printed
structures also offers great quality and sustainability. There are some potential backlogs of using
3D manufacturing as well. Complicated geometry increases lead time to design CAD. Leak proof
prototypes are complicated to develop with 3D manufacturing. 3D printing of the entire structure
might not be a suitable option due to porosity. Nozzle/thruster/tank system can be 3D printed
individually. Integration process need to be defined before manufacturing. Laser Powder Bed
fusion (LPBF-EBM) can be used for building the unit structure. Control board can be developed
in house as well once the PCB design is complete. All systems shall be integrated once the design
process is complete. The overall development process of the flight ready unit is shown in figure
55.
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Figure 55 Development process of the CG Flight Ready unit
5.4.13 Budget estimation
A budget estimation has been created to analyze the potential expenses to transform the module to
a flight ready unit. It has been determined that the transformation process can be completed in two
years. Redesigning of the structure, systems integration plan development, thermal and radiation
analysis and electronics development are the main tasks for first year. Two full time electrical and
mechanical engineering grad students will be overseeing the transformation process. It is
anticipated that the hardware shall be remodeled and test ready unit development shall be
completed in first year. Software development shall be the major focus on the second year for
which 2 full time grad students with computer science major are required. One mechanical
engineering student shall be responsible for flaw identification and fixing structural issues on the

76

second year. System level testing shall be started once the software for ADCS is developed. Budget
allocation for the transformation is shown in the following table.
Table 7 Budget estimation for demonstrator module transformation
Budget

1st year

2nd year

Estimated funding amount

$92,000

$108,000

Hardware procurement

$15,000

$5,000

Hardware re-design & development

$20,000

$2,000

Electronics development

$10,000

$2,000

Systems integration

$5,000

$5,000

Software & tools

$10,000

$50,000

Testing and performance evaluation

$8,000

$20,000

Labor allocation

2 Full-Time Grad student

3 Full-Time Grad Student

Total cost

$102,000

$108,000

77

Chapter 6 Conclusion
The CubeSat standard is a small satellite standard developed by Cal Poly and Stanford
University which represents a form factor made up of 10 cm x 10 cm x 10 cm cubic units. The
CubeSat standard allows relatively low-cost and low-complexity access to space, allowing even
hobbyists, universities, nations with developing space programs, and K-12 students to launch a
satellite. CubeSats have also allowed aerospace companies, the Department of Defense, and NASA
to test low TRL technologies with lower risk and cost. CubeSats have become very popular
nowadays and are being developed by different institutions and entities to perform different sorts
of experiments in space. The Aerospace Center at The University of Texas at El Paso is on track
to develop and launch several CubeSats in next few years to support the center’s mission for space
exploration and to demonstrate advancements in small satellite technologies. UTEP Aerospace
Center’s three major small satellite projects known as ‘Orbital Factroy 2’, ‘Orbital Factory 4’ and
‘Orbital Factory Cold Gas’ have been presented in this dissertation.
At UTEP, the 1U Orbital Factory 2 (OF2) CubeSat was recently launched into Low
Earth Orbit to test a process of using additive manufacturing to repair electronics in space using a
silver conductive ink, as well as to test a patch antenna developed by Lockheed Martin Space
Systems which was manufactured using a proprietary Nano copper process. OF-2 was deployed
into a 455 km Low Earth Orbit (LEO) in January 14. The launch integration was handled by
NanoRacks LLC, and the launch was aboard an Antares rocket to the International Space Station
(ISS) as part of a Cygnus resupply mission. OF-II was deployed from the Cygnus spacecraft with
an orbital period of ninety minutes. OF-II’s primary payload is an experiment to test repair of a
device in orbit using additive manufacturing. Other subsystems onboard OF-II include the
Onboard Computer (OBC), the UHF transceiver, the S-Band transceiver, the Electronic Power
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System (EPS), a custom payload board, the printer experiment, two cameras, five solar panels, the
UHF antenna with four deployable antenna rods, and the S-Band patch antenna. The development
process of the satellite including a novel payload for 3D printing and mission design have been
presented in this dissertation. A ground station was built in El Paso, TX to receive downlink from
OF-II. OF-II communicated successfully demonstrating that in-space self-repairing of satellite
hardware using 3D printing technology is around the corner. This will support the satellite
developers enormously by facilitating in-space repair of spacecraft components which will
enhance spacecraft lifetime significantly. Due to the small field of view of the S-band patch
antenna, attitude control was critical to close the S-band link budget. Currently, different
methodologies for attitude control via magnetorquer and propulsion systems are under evaluation,
including emulating a passive magnet, utilizing an uplinked lookup table, or using an active control
algorithm and sensors.
A future Aerospace Center long distance communication satellite is known as
Orbital Factory 4. The 3U CubeSat will be launched into Geostationary Transfer Orbit (GTO) on
a United Launch Alliance (ULA) Vulcan launch vehicle within the next few years. Because GTO
is a highly elliptical orbit with a very high apogee, the majority of the satellite’s lifetime is spent
at high altitudes. The large distances during apogee passes combined with limited CubeSat power
present significant challenges for establishing a reliable link. Orbital Factory 4 intends to
demonstrate S-Band communication capability with ground station utilizing the high apogee
passes which occurs nearly 90% of the total orbital period by automatically adjusting
communication parameters. Simulations using analytical calculations validated through STK
communication simulations show that a 6W transmitter used in conjunction with a pointing
accuracy of ~5 degrees can establish a communications link between the UTEP ground station and
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the OF-4 satellite at an apogee of 35,786 km with 1kbps bit rate. Another challenge of the GTO
mission is the detrimental effect of high radiation doses on electronics from multiple passages
through the Van Allen radiation belts. Therefore, a secondary mission objective of OF-4 is to
measure the radiation environment experienced by CubeSat components in a GTO orbit, which
will enhance space environment knowledge applicable to future small satellite missions outside of
Low Earth Orbit (LEO). Simulations of orbital trajectory and communication windows with STK
have been used to develop a basic Concept of Operation (ConOps) where an initial list of critical
functions and actions were proposed, and later expanded upon as the development progressed.
The entire mission has been divided into five phases where in first phase, launch & deployment,
system activation and first communication attempts are made. In second phase, attitude
stabilization has been planned to be executed using onboard actuators. Once the satellite
stabilization is complete further attitude disturbances shall be corrected using onboard reaction
wheels to keep the satellite nadir axis pointed to the earth with a maximum allowable offset of 7
degrees from the ground antenna. In third phase, OF-4 will send housekeeping and image data
over S-band at apogee once sufficient battery power is confirmed. Reception shall be validated by
restoring data at ground station and confirmation shall be sent via uplink. In fourth phase, satellite
will measure Total Ionizing Dosage and send data from apogee which will be studied for research
purposes. Phase five is the tentative extended mission, will be performed once all primary
objectives are acquired by command uplink from earth station.

With an intention of developing an efficient propulsion system for small satellite
UTEP aerospace center has collaborated with NASA White Sands Test Facility (WSTF) to develop
a 1U CubeSat Cold Gas Demonstrator (CGD) module. The Magnetic Levitation Table will
simulate an artificial spacelike environment where the 2axis motion control of the satellite will be
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tested by operating four thrusters which are evenly placed on two opposing faces. The CubeSat
has been designed to be capable of uniaxial translation and rotation using refrigerant R-134a. The
design of the propellant tank includes the use of four cartridge heaters to prime the refrigerant for
firing. The four thrusters evenly placed on two opposing faces makes the module capable of
uniaxial translation in X axis and also provides rotational movement in Y axis. Currently the
demonstrator module has 2DoF freedom. Design of the Cold Gas Demonstrator incorporates some
major components such as satellite chassis, propellant tank, solenoid valves, thrusters, a payload
control board, onboard computer, and a battery bank as onboard power source. The primary
purpose of integrating the chassis and the propellant tank to one component was to maximize the
space taken up by the propellant tank. So far we’ve developed two versions of the tank which was
designed and developed in-house. Flow to the thrusters is controlled by a miniature manifold valve
at the tank and at each inlet of each thruster. The pressurized gas is controlled by an isolation valve
that controls the flow of propellant to the engine. Pressure drops through the solenoid valves are
compensated to maintain optimal flow conditions within the thruster. Currently we have 4 thrusters
designed to provide a theoretical thrust value of 675mN. Prior to operating the thrusters, R-134a
is heated to appropriate pressures and temperatures using four cartridge heaters. Then using the
data received from IMU integrated with the control board the OnBoard computer makes the
decision of firing thrusters for motion control inside the magnetic levitation table. A delivery
system was designed for thrust verification testing of the designed thrusters. The test set-up is
located at UTEP cSETR’s Fabens test sight. Some major parts of the testing setup are the
propellant feed line, A recapturing system to control the release of R-134a to the atmosphere, A
torsional thrust stand system with laser displacement measurements and data acquisition system
for all electrical equipment. Thruster testing is conducted using a torsional thrust stand and laser
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equipment. The data measured is then submitted into a MATLab code to calculate the thrust output.
Thruster testing was done by pressurizing the source tank to 200 psig at 160 C. Testing includes
30 calibration tests measuring a known force applied onto the torsional thrust stand and measuring
the displacement of the torsional thrust stand arm. Each test is implemented using 50% duty cycle
with 5-second pulses. We’ve observed an average force output of 363 mN of thrust with a response
time of 38 milliseconds. Next goal of this project is to transform the demonstrator unit to a flight
ready unit for which stakeholder’s expectations have been generated. Several research have been
conducted so far on the transformation of this Cold Gas Demonstrator Module to a 1U flight ready
satellite module based on which several future developmental works have been proposed.
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